T
he potential coding capacity of the human genome is currently a topic of great interest. The number of genes predicted from the recent human-genome analysis was at the lower end of previous estimates, which had ranged between about 30,000 and 120,000 (1, 2) . Whereas estimates of gene number are likely to increase based on additional experimental evidence and improved gene-finding algorithms, it is clear that gene number is only one mechanism for creating the genetic diversity required to encode the full complement of human proteins. The scientific literature richly describes the presence and functional significance of alternatively processed forms of human transcripts that are derived from different transcription initiation sites, alternative exon splicing, and multiple polyadenylation sites (3) (4) (5) . Determining the various transcript forms and investigating the purpose of these complex mixtures of instructions will be the next great endeavor toward understanding human biology.
Large-scale analysis of the transcriptome originates from the expressed sequence tag (EST) concept popularized by Venter and coworkers (6) . In the EST approach, clones from cDNA libraries are subjected to singlepass sequencing, such that a unique identifier is assigned to each cDNA. Initially, these tags were about 300 nucleotides in length, but sequence tags of more than 700 nucleotides are now common. Many scientists quickly realized the value of using EST sequences to identify new genes and characterize genes expressed in normal and diseased tissues. Public and private efforts soon emerged to capitalize on this opportunity. Key to the success of the public efforts was the formation of the IMAGE consortium (7), an academic-industrial partnership to distribute clones produced by the public efforts. The Merck Gene Index (MGI; ref. 8 ) and the Cancer Genome Anatomy Project (CGAP; ref. 9) have produced many of the human clones distributed by IMAGE. A guiding principle for these efforts was the immediate distribution of project resources: clones were distributed through the IM-AGE consortium (http:͞͞image.llnl.gov͞) and sequences through a GenBank division, dbEST (10) .
CGAP and MGI have sought to develop a comprehensive catalog of human and mouse ESTs. Each project has produced cDNA libraries based on the use primers for first-strand synthesis that are anchored at the 3Ј transcript end [the poly(A) sequence]. Sometimes, the resulting cDNA molecules represent the entire transcript. More often, they are incomplete, either because of mRNA degradation or incomplete enzymatic processing during conversion of mRNA to cDNA. Thus, for a given transcript, there might be several different forms of cDNA in the library. To facilitate gene cataloging, the MGI and CGAP sequenced the 3Ј cDNA end, starting from the poly(A) sequence (see Fig. 1 ). With this approach, it is more likely that sequences from transcripts derived from the same gene will be recognized as such (although alternative polyadenylation sites add complication.) In the MGI project, sequencing from the 5Ј clone end also was performed to provide more protein-encoding sequences (because many of the clones are incomplete, 5Ј cloneend sequences often define not the true 5Ј end of a transcript, but, instead, are within coding regions.).
Complementing the traditional EST approaches have been imaginative new strategies. One of these approaches, Serial Analysis of Gene Expression (SAGE; ref. 11), produces short sequence tags (usually 14 nucleotides in length) located adjacent to defined restriction sites near the 3Ј end of the cDNA. Therefore, one advantage of SAGE is that, unlike the EST approach, each transcript has a unique tag, thereby facilitating transcript quantification. In addition, these tags are concatemerized, such that 30 or more gene tags can be read from a single sequencing lane, substantially increasing the efficiency of gene cataloging. However, because the tags are so short, the informatics challenges become greater. The CGAP project, working together with the National Center for Biotechnology Information (NCBI), has generated a SAGE database, SAGEmap (12) . This database now includes over 4,000,000 gene tags, complementing the more than 3,700,000 human ESTs in dbEST.
In this issue, Camargo et al. describe a previously untried strategy, the ORF ESTs (ORESTES) approach developed by the Fundaçao de Amparo à Pesquisa do Estado de Sao Paulo͞Ludwig Institute for Cancer Research (FAPESP͞LICR)-Human Cancer Genome Project (13) . The power of ORESTES is that a high proportion of the sequence tags are in the coding regions of transcripts (see Fig. 1 ). In the ORESTES approach, low-stringency PCR conditions are used to produce cDNA libraries from which a relatively small number of individual clones are sequenced. Several thousand ORESTES libraries have been produced, each with different primers, such that each library is expected to contain unique cDNA sequences. As described by Camargo et al., the experimental results confirm the theoretical expectations of ORESTES in that these sequences are spaced throughout the transcript, thereby providing a scaffold to complete full-length transcript sequences. Moreover, the approach has a normalization effect for a broader sampling of the many different transcripts, with less dependence on expression levels. This approach facilitates discovery of genes with low expression levels. The volume of tags is significant as well; 700,000 ORESTES represent nearly 20% of human dbEST.
As shown in Fig. 1 , complete gene sequence assembly from ESTs can be quite challenging, because each tag is relatively short, and often the tags don't share homologous sequences. To organize the disparate EST sequences, the NCBI developed UniGene (14) . From the outset, UniGene was designed to bin all transcript sequences from a gene into one cluster, thereby serving as a platform for transcript profiling efforts, including those based on microarrays (15, 16) . However, because UniGene, in principle, groups all transcript forms of a gene into one cluster, it is too imprecise to serve as the foundation for defining the scope of the human transcriptome.
To proceed effectively with transcriptome efforts, the cDNA sequencing and clone needs will be more demanding than in the past. Currently, there is a significant shift in emphasis of the large-scale cDNA efforts toward the sequencing of complete human transcripts. In 1999, the National Institutes of Health announced the Mammalian Gene Collection Project (ref. 17 ; http:͞͞mgc.nci.nih.gov), which is focused toward the identification and complete sequencing of human and mouse full-ORF cDNAs. To date, that project has produced over 5,000 human sequences (deposited in GenBank). In addition, the German Genome Project recently completed full-ORF human cDNA sequences derived from Ϸ1,500 human genes (18) . Moreover, substantial progress in the sequencing of mouse full-ORF cDNAs already has been reported (19) .
The transcript-finishing approach of Camargo et al. presented in this issue represents a valuable addition to these efforts. This strategy utilizes the OR-ESTES scaffold EST sequences to build primers for reverse transcription (RT)-PCR reactions to bridge gaps, thereby confirming the membership of ESTs in a common transcript and providing intervening sequence information. When combined with our increasing knowledge of the human-genome sequence (and improved gene models), the transcriptfinishing approach will likely provide a convenient means for delineating the boundaries of each gene and providing complete transcript sequences.
Realizing the full potential of cDNA sequencing and annotation efforts will require the development of new schemes and databases for capturing information about each of the human transcripts. Complete delineation of the human transcriptome will require a public database that is firmly rooted by the use of precise sequencebased annotation to describe all exons (including sequence variation within a particular exon) and alternate forms of processing at the 5Ј and 3Ј ends for each transcript species. Such a database will serve as a platform for the functional annotation of each transcript species through links to primary data sets and the scientific literature.
One of the great strengths of the human transcriptome effort is that it incorporates the talents of an international consortium and utilizes many different experimental strategies. In addition, although data and clone-release policies differ somewhat among the groups, there is an overall spirit of open sharing. Transcriptome analysis differs from the recently reported humangenome sequencing efforts in that the ''biological space'' of the transcriptome still remains to be defined. Many of the transcript tags annotated in dbEST and SAGEmap are from projects focused on the molecular characterization of cancer. The reasons for emphasis on cancer are clear, and it also is evident that comprehensive study of the transcriptome will require more substantial study of normal human tissues and cells, as well as those from various disease states.
Imperative to an elucidation of the transcriptome will be the development of new technologies and scientific strategies. We will need to identify and analyze not only different transcripts from a single gene, but we will also need to examine the entirety of the transcript population of cells and tissues such that we can begin to understand the networks of interactions encoded by various transcript forms. For example, the development of DNA chips that facilitate identification and quantification of specific transcripts might be used to address these questions. Undoubtedly, innovation will be a hallmark of transcriptome research for the next several years. That this creative spirit is strong is richly documented in the work of Camargo et al. Fig. 1 . Idealized schematic view of ESTs generated by various public projects. A full-length cDNA is represented by the black bar, with nontranslated regions indicated by the stippled sections. The red arrows depict 5Ј and 3Ј ESTs based on the MGI approach; blue arrows depict the CGAP 3Ј approach. Note that at both the 5Ј and 3Ј ends, alternate EST positions are possible based on transcript variations or incomplete cDNA synthesis. The purple arrow indicates the MGC EST strategy in which 5Ј ESTs are generated to search for full-ORF clones. ORESTES tags are shown by the green arrows, which are spaced more evenly throughout the cDNA sequence. The green bars denote regions where sequence gaps exist that might be subject to the transcript-finishing approach of Camargo et al. The black arrow indicates where a SAGE tag might be located. This arrow is vertical to indicate that SAGE tags are located at a precise site within a transcript.
